The cAMP-dependent protein kinase (PKA) mediates b-adrenoceptor (b-AR) regulation of cardiac contraction and gene expression. Whereas PKA activity is well characterized in various subcellular compartments of adult cardiomyocytes, its regulation in the nucleus remains largely unknown. The aim of the present study was to compare the modalities of PKA regulation in the cytoplasm and nucleus of cardiomyocytes.
Introduction
The cAMP-dependent protein kinase (PKA) is critically involved in the regulation of cardiac function by catecholamines acting on b-adrenoceptors (b-ARs) as well as several other hormonal and circulating factors acting through other G s protein-coupled receptors (G s PCRs). In the absence of cAMP, the PKA holoenzyme is a heterotetramer consisting of two catalytic (C) subunits that are bound and inhibited by a dimer of regulatory (R) subunits. G s PCR occupancy leads to activation of adenylyl cyclases (ACs) and increases in intracellular [cAMP] . Cooperative binding of cAMP to the R subunits leads to dissociation and activation of the C subunits, which phosphorylate multiple protein targets in various subcellular compartments. 1 In cardiac myocytes, the best described PKA targets are proteins involved in excitation-contraction coupling (ECC) including the sarcolemmal L-type Ca 2+ channel, the ryanodine receptor (RyR2), and phospholamban (PLB), as well as the myofilament proteins such as cardiac myosinbinding protein C (cMyBP-C) and troponin I. 2 The velocity and specificity of b-AR regulation is determined by the localization of the PKA holoenzyme to its targets by A-kinase anchoring proteins (AKAPs) 3 and by the spatiotemporal pattern of cAMP signalling, which results from the interplay between cAMP production by ACs and cAMP degradation by cyclic nucleotide phosphodiesterases (PDEs). 4 In addition, PKA activity is counterbalanced by Ser/Thr protein phosphatases (PPs). 5 In cardiac myocytes, the PDEs that degrade cAMP belong to five major families (PDE1-4 and PDE8), 4 whereas the major cardiac PPs are PP1, PP2A, and PP2B. 5 The development of genetically encoded indicators of cAMP levels and PKA activity has been instrumental in defining the spatiotemporal characteristics of cAMP signals and PKA activity elicited by G s PCRs in living cardiac myocytes. The use of targeted sensors to various intracellular compartments revealed subcellular compartments with distinct cAMP responses and PKA phosphorylation gradients upon b-AR stimulation. 6, 7 These studies also identified the cAMP-specific PDE4
family as a major negative regulator of cAMP generated by b-ARs. 6 Three genes encoding PDE4 (Pde4a, Pde4b, and Pde4d) are expressed in cardiac tissue, and recent studies have emphasized the importance of PDE4B and PDE4D for b-AR regulation of cardiac ECC (reviewed in 4 ). PKA regulates numerous other effectors in cardiac myocytes, notably the transcription factors belonging to the cAMP response element-binding protein (CREB) family and Class II histone deacetylase (HDAC) 4 and 5 in the nucleus. 8 -11 According to the classical view of nuclear PKA signalling, cAMP binds to PKA outside of the nucleus and, after dissociation from the R subunits, the C subunits cross the nuclear envelope by passive diffusion, which is a slow process. 12 However, recent evidence indicates that, in HEK293 cells, a nuclear resident pool of PKA exists, but is isolated from cAMP generated at the plasma membrane by AKAP-anchored PDE4. 13 In cardiac myocytes, it was reported that muscle AKAP (mAKAP) targets PKA to multiple subcellular compartments, including the nucleus 14 and the nuclear membrane. 15 Moreover, mAKAP binds PDE4D3, a specific PDE4 isoform, which may control cAMP levels in this compartment and thereby the release of PKA C subunits into the nucleus. 16, 17 However, the modalities of nuclear PKA regulation in adult cardiomyocytes remain unknown. This issue is important, given the role of the mAKAP complex and Class II HDACs in the control of pathological cardiac hypertrophy 17, 18 and of the CREB family of transcription factors in multiple aspects of cardiac function, including hypertrophy and apoptosis 19 as well as the deleterious effects of chronic b 1 -AR overexpression in the heart. 20 In this study, we compared the spatiotemporal dynamics of cytoplasmic and nuclear cAMP and PKA activity in adult cardiac myocytes using recombinant fluorescence resonance energy transfer (FRET) probes targeted to these compartments. We found that, upon b-AR stimulation, cAMP increases with similar fast kinetics in both compartments, whereas PKA activation is considerably delayed in the nuclei compared with the cytoplasm. Our results reveal for the first time the respective roles of PDE3 and PDE4 and of PP1, PP2A, and PP2B in the differential integration of cytoplasmic and nuclear PKA responses to b-AR stimulation in cardiac myocytes. 
Methods

FRET-based sensors of cAMP and PKA activity
Cytoplasmic cAMP was measured using the indicator of cAMP using Epac 3 (ICUE3), a FRET-based sensor. 21 Nuclear localization of ICUE3 was achieved by adding a C-terminal nuclear localization signal (ICUE3-NLS).
13
PKA activity was measured with the FRET-based A-kinase activity reporter 3 (AKAR3). 22 Because untargeted AKAR3 is localized both in the cytoplasm and the nucleus, a specific cytoplasmic localization of AKAR3 was achieved by adding a C-terminal nuclear export signal to AKAR3 (AKAR3-NES). A specific nuclear localization was obtained by adding a C-terminal NLS (AKAR3-NLS). 22 Adenoviruses encoding Ad.AKAR3-NES and Ad.AKAR3-NLS were generated using the ViraPower Adenoviral Expression System (Invitrogen) according to the manufacturer's protocol. The adenovirus encoding ICUE3 was kindly provided by Dr Yang K. Xiang (University of California, Davis, CA, USA). The adenovirus encoding ICUE3-NLS was generated by Welgen, Inc.
Isolation of adult rat ventricular myocytes
Male Wistar rats (200 -250 g) were subjected to anaesthesia by intraperitoneal injection of pentothal (0.1 mg/g). Individual ventricular myocytes were obtained by retrograde perfusion of the hearts as previously described. 23 See
Supplementary material online for details.
Adenoviral infection
The medium was replaced by 300 mL of FBS-free MEM containing one of the following adenoviruses: Ad-AKAR3-NES, Ad-AKAR3-NLS, Ad-ICUE3, or Ad-ICUE3-NLS. In some experiments, PKA was blocked by co-infecting the cells with adenoviruses encoding a rabbit muscle PKA inhibitor (Ad.PKI) 24 . All experiments were done 24 -48 h after cell isolation.
FRET measurements of cytoplasmic and nuclear cAMP and PKA activity
Cells were maintained at room temperature (20 -258C) in the same Ringer solution as described above. Images were captured every 5 s using the ×40 oil immersion objective of an inverted microscope (Nikon) connected to a Cool SNAP HQ2 camera (Photometrics) controlled by the Metafluor software (Molecular Devices). Cyan Fluorescent Protein (CFP) was excited during 300 ms by a Xenon lamp (Nikon) using a 440/20BP filter and a 455LP dichroic mirror. Dual-emission imaging of CFP and Yellow Fluorescent Protein (YFP) was performed using a Dual-View emission splitter equipped with a 510 LP dichroic mirror and BP filters 480/30 and 535/ 25 nm, respectively.
Western blot studies
Adult rat ventricular myocytes (ARVMs) were lysed in cold HNTG buffer, proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Total and phosphospecific antibodies against CREB and cMyBP-C and a calsequestrin antibody were used as detailed in Supplementary material online.
Data analysis
For FRET measurements with AKAR3-NES and ICUE3, average fluorescence intensity was measured in the entire cell or in a portion of the cytoplasm with identical results. For AKAR3-NLS and ICUE3-NLS, average fluorescence intensity was measured in a region of interest inside the nuclei. Background was subtracted and YFP intensity was corrected for CFP bleed through before calculating the ratio. Ratio images were obtained with the ImageJ software. Average time course of the ratio represents the mean of all cells measured in a given experimental condition. The data were normalized to the ratio measured before the stimulus and expressed as per cent change over basal. Student's t-test was used to compare two groups. Western blot data were compared with the Mann-Whitney test. Concentration-response curves (CRCs) were compared by Fisher's test. A P-value of ,0.05 was considered statistically significant. Densitometric analyses of western blots were performed using the Quantity one software (Bio-Rad).
Results
Real-time measurements of cytoplasmic and nuclear PKA activities in ARVMs
Adenoviruses were generated to express the FRET-based AKAR3 targeted to the cytoplasm (AKAR3-NES) and the nucleus (AKAR3-NLS)
in ARVMs. YFP emission images were acquired by confocal microscopy to examine their subcellular localization. As shown in Figure 1A , myocytes infected at a multiplicity of infection (MOI) of 1000 active viral particles per cell showed AKAR3-NES expression in the cytoplasm but not in the nuclei 24 h after infection. AKAR3-NLS expression could be detected slightly earlier (18 h) in the nuclei and was excluded from the cytoplasm ( Figure 1B ). However, this specific localization was dependent on the time of expression and was completely lost at 48 h, unless the MOI was reduced to 200 (see Supplementary material online, Figure S1 ). In order to test the functionality of AKAR3 in each compartment, cells infected with Ad.AKAR3-NES or Ad.AKAR3-NLS at MOI 1000 for 24 h were stimulated with the b-AR agonist isoprenaline (Iso, 1 mM), and the CFP and YFP fluorescence were measured simultaneously in the entire cell for AKAR3-NES and in the two nuclei for AKAR3-NLS ( Figure 1C and D) . As shown in the graphs and the corresponding pseudocolor images, Iso strongly increased the YFP/CFP ratio in the cytoplasm and also in both nuclei. The average change was significantly larger in the cytoplasm (+38.6 + 2.1%) than in the nuclei (+20.4 + 2.1%, P , 0.001), and both were abolished by application of the PKA inhibitor H89 (10 mM) or by co-expression of the PKA inhibitor peptide PKI ( Figure 1E and F ). In the absence of Iso, neither H89 nor PKI had any effect on the basal YFP/CFP ratio in the cytoplasm or in the nuclei (see Supplementary material online, Figure S2 ). To further characterize PKA activation by b-AR stimulation in the two compartments, CRCs to Iso were generated. Supplementary material online, Figure S3A shows a typical experiment in a myocyte expressing AKAR3-NES and exposed to increasing concentrations of Iso between 0.1 nM and 1 mM. The YFP/CFP emission ratio increased in a concentrationdependent manner until 30 nM Iso, and the effect was fully reversible upon washout. Supplementary material online, Figure S3B compares the average CRC obtained in the cytoplasm (black squares) and in the nucleus (white squares). Hill fit of the data yielded apparent maximal effects (E max ) of +46.1 + 2.1 and +27.6 + 6.2%, and halfmaximal activation values (EC 50 ) of 1.8 + 0.3 and 4.2 + 1.0 nM in the cytoplasm and the nuclei, respectively. The two curves were statistically different as indicated by Fisher's test (P , 0.001). When CRCs to Iso were repeated in ARVMs infected with Ad.AKAR3-NES or Ad.AKAR3-NLS at MOI 1000 during 48 h and the fluorescence was measured in the entire cell, these differences were no longer observed (see Supplementary material online, Figure S4 ). Thus, the decreased efficiency and potency of Iso in the nucleus compared with the cytoplasm cannot be attributed to different properties of the targeted probes.
Kinetics of cAMP and PKA activation in the cytoplasm and in the nucleus of cardiac myocytes
In addition to these steady-state differences, the kinetics of PKA activation was much faster in the cytoplasm than in the nuclei upon b-AR stimulation (Figure 2A and B) . Indeed, half-maximal PKA activation (t 1/2 on ) was reached 30 s after addition of Iso in the cytoplasm, but required 3 min in the nuclei ( Figure 2B ). This difference was also observed upon direct AC activation with the hydrosoluble forskolin analogue L-858051 (L-85, 30 mM, Figure 2C and D) or upon global PDE blockade with 3-isobutyl-1-methylxantine (IBMX) (300 mM, Figure 2E and F ) . In both compartments, the response to Iso was faster than that to L-85 and to IBMX, and in the case of L-85, the maximal nuclear PKA activation (+38.8 + 1.5%) was significantly higher than that obtained with Iso (+21.4 + 2.4%, P , 0.001 vs. L-85) or IBMX (+22.1 + 3.1%, P , 0.01 vs. L-85). To test whether restricted cAMP diffusion could be involved in the slow phosphorylation of AKAR3-NLS upon b-AR stimulation, we compared the kinetics of cAMP in the cytoplasm and the nuclei using the untargeted cAMP sensor, ICUE3 21 and a nuclear version of the sensor, ICUE3-NLS. 13 Myocytes infected with Ad.ICUE3 and Ad.ICUE3-NLS expressed the probe in the cytoplasm and nuclei, respectively ( Figure 3A) . b-AR stimulation with Iso (1 mM) produced a fast increase in cAMP with similar onset kinetics (t 1/2 on 20 s) in both compartments ( Figure 3B and C) .
In a next series of experiments, we compared the effect of a transient b-AR stimulation (Iso, 100 nM, 15 s) similar to those elicited by a startle response on cytoplasmic and nuclear PKA activities. As shown in Figure 4A , this induced a maximal activation of PKA in the cytoplasm (+49.7 + 2.0%, P , 0.001), but a marginal increase in the nuclei (+3.2 + 0.9%, P , 0.01). Similar differences were observed when comparing the PKA phosphorylation of myofilament protein cMyBP-C at Ser282 with that of the nuclear transcription factor CREB at Ser133. cMyBP-C was significantly phosphorylated upon a short (15 s) Iso stimulation ( Figure 4C) , while CREB was not ( Figure 4D) . Prolonging the Iso application to 15 min did not further increase cMyBP-C phosphorylation ( Figure 4C ), but significantly increased CREB phosphorylation ( Figure 4D) . Figure S5 ). These results suggest that the PKA-dependent regulation of contractility can be dissociated from regulation of gene expression during short b-AR stimulation.
Regulation of cytoplasmic and nuclear PKA activities in cardiac myocytes
We next sought to characterize the regulatory mechanisms governing PKA activation in the two compartments. We have shown previously that PDE3 and PDE4 account for the majority of the cAMP-hydrolyzing activity in ARVMs, and that PDE4 is predominant in the degradation of cAMP generated by b-ARs at the plasma membrane and in the cytoplasm. 6 Therefore, we examined the respective contribution of these PDEs to the regulation of PKA activity in the cytoplasm and in the nuclei using the specific PDE3 inhibitor cilostamide (Cil) and the specific PDE4 inhibitor Ro 20-1724 (Ro). Neither Cil (1 mM) alone nor Ro (10 mM) alone had any effect on the basal YFP/CFP ratio (see Supplementary material online, Figure S6 ). ARVMs overexpressing AKAR3-NES and AKAR3-NLS were briefly exposed to Iso (100 nM, 15 s) in the presence of Cil or Ro. Each inhibitor was applied during 3 min before the Iso pulse and continuously thereafter. As illustrated in Figure 5 , PDE3 inhibition with Cil did not alter cytoplasmic or nuclear PKA activation by Iso ( Figure 5A and B), whereas Ro greatly prolonged PKA activation in the cytoplasm (t 1/2 off ¼ 3.4 + 0.2 vs. 1.7 + 0.1 min for Iso alone, P , 0.001) and in the nuclei ( Figure 5C and D). Because in cardiac myocytes PDE4D is enriched at the nuclear envelope, 16 ,17,25 we examined b-AR regulation of cytoplasmic and nuclear PKA activities in adult mouse ventricular myocytes (AMVMs) from Pde4d-deficient (Pde4d 2/2 ) mice. 26 In these myocytes, the response to Iso pulse stimulation in the cytoplasm was slightly, but significantly prolonged compared with WT myocytes (t 1/2 off ¼ 2.4 + 0.3 min in Pde4d 2/2 vs. 1.5 + 0.2 min, in WT, P , 0.05, Figure 5E ). In the nuclei, similar to what we observed in ARVMs, Iso pulse stimulation had virtually no effect on PKA activity in WT AMVMs (+1.0 + 0.5%, P , 0.01, Figure 5F ). However, in Pde4d 2/2 myocytes, Iso stimulation increased nuclear PKA activity approximately four-fold (+3.8 + 0.9% in Pde4d 2/2 vs. WT, P , 0.05, Figure 5F ). These results are consistent with PDE4D being an important regulator of nuclear cAMP/PKA signalling.
Contribution of Ser/Thr PPs to the regulation of cytoplasmic and nuclear PKA responses in ARVMs
In cardiac myocytes, PP1 and PP2A are the major Ser/Thr PPs that counterbalance PKA activity. To assess the contribution of these PPs to the modulation of the cytoplasmic and nuclear PKA responses, FRET experiments were performed in ARVMs expressing AKAR3-NES or AKAR3-NLS exposed to Iso pulse (100 nM, 15 s) in the presence of Calyculin A (CalyA, 100 nM), which inhibits both PP1 and PP2A. As shown in Figure 6A , CalyA markedly slowed down the dephosphorylation of AKAR3 by Iso in the cytoplasm (t 1/2 off ¼ 7.0 + 1.6 vs. 1.5 + 0.1 min for Iso alone, P , 0.05), and unmasked a strong PKA response in the nucleus, which remained sustained for at least 8 min ( Figure 6B) .
To determine the participation of PP2A to these effects, okadaïc acid (OA) was used at a concentration of 100 nM, at which it preferentially inhibits this PP. 27 As shown in Figure 6C , OA also slowed down the dephosphorylation of AKAR3 in the cytoplasm (t 1/2 off ¼ 3.0 + 0.3 vs. 1.5 + 0.1 min for Iso alone, P , 0.001), although to a lesser extent Control of nuclear PKA activity in cardiomyocytes than CalyA (P , 0.001). In contrast, OA had no effect on the nuclear PKA response to Iso pulse stimulation ( Figure 6D ). In another series of experiments, a potential role for PP2B (calcineurin) was investigated using the PP2B-selective inhibitor cyclosporin A (CsA, 5 mM). As shown in Figure 6E and F, CsA did not modify the PKA response to Iso, neither in the cytoplasm nor in the nucleus. Taken together, these results indicate that, upon b-AR stimulation, PP1 and PP2A contribute to the AKAR3 dephosphorylation in the cytoplasm, whereas PP1 plays a major role in the nucleus.
Discussion
Although it is known that PKA can regulate cardiac gene expression through nuclear transcription factors such as CREB and specific Class II HDACs, the modalities of nuclear PKA regulation have remained elusive in cardiac myocytes. Here, we show the dynamics of this regulation in response to b-AR stimulation in living adult cardiomyocytes. Our results indicate that b-AR stimulation of nuclear PKA activity is temporally dissociated from that of nuclear cAMP elevation and from that of cytoplasmic PKA activation. This is consistent with activation of the PKA holoenzyme in the cytoplasm and translocation of the C subunits to the nucleus. We show that PDE4 is an upstream negative regulator of this process, with PDE4D playing an important role in controlling nuclear PKA activity, whereas PP1 and PP2A are downstream negative regulators. Importantly, the contribution of PP1 and PP2A to the termination of the b-AR PKA response differs between these two compartments, with PP1 being predominant in the nucleus.
One major finding was that, independently of the mechanism of cAMP elevation, the kinetics of PKA activation was much slower in the nuclei than in the cytoplasm, as previously reported in model cell lines 13, 22 and primary neurons. 28 Importantly, when measuring cytoplasmic and nuclear cAMP upon b-AR stimulation, no such delay was observed ( Figure 3) indicating that limited cAMP diffusion was not the cause of the slow increase in nuclear PKA activity. This was consistent with activation of PKA holoenzyme in the cytoplasm and slow translocation of the C subunits into the nuclei by passive diffusion. 12 As a result, a short b-AR stimulation marginally activated PKA and CREB phosphorylation in the nuclei, while it maximally activated PKA and cMyBP-C phosphorylation in the cytoplasm (Figure 4) . Such temporal dissociation of PKA action in the two compartments may have important implications for cardiac physiology and pathology. The fast kinetics of cytoplasmic PKA activation observed here closely mimic the kinetics of L-type Ca 2+ current stimulation 6 and emphasize the importance of fast PKA activation for the velocity and efficiency of the fight-or-flight response. The modest consequences on nuclear PKA activity and CREB phosphorylation suggest that PKA regulation of cardiac contractility can be dissociated from regulation of gene expression during short-term sympathetic stimulation. However, cAMP may also activate other effectors such as Epac, which was shown to be localized not only at the plasma membrane but also at the nuclear/perinuclear area in cardiomyocytes. 17, 29 In adult rat ventricular myocytes, Epac activation was shown to contribute to the pro-hypertrophic effects of b-AR stimulation 30 in part by increasing nuclear [Ca 2+ ] and CaMKII-dependent nuclear export of HDAC5, with consequent derepression of the transcription factor MEF2. 29 Our results also show that sustained b-AR activation, as may occur during intense and prolonged physical exercise or following myocardium injury, increases nuclear PKA activity and CREB phosphorylation. While the CREB/CREM family of transcription factors may contribute to b-AR-dependent maladaptive remodelling, 19, 20 PKA can also phosphorylate HDAC5 in the nucleus. 9, 11 This, in contrast to phosphorylation by CaMKII and PKD, 31 -33 favours its nuclear retention, and the repression of the hypertrophic gene programme. 9, 11 Altogether these results illustrate the dynamic and versatile nature of nuclear cAMP signalling, which may exert both beneficial and detrimental influences on the adult heart depending on the respective balance between the different target effectors. Our finding that PDE4 inhibition strongly prolonged b-AR stimulation of PKA activity in the cytoplasm, whereas PDE3 had no effect, is consistent with the relative contribution of these two PDE families to cAMP degradation in the cytoplasm of ARVMs following a short b-AR stimulation. 6 Analysis of cardiomyocytes from Pde4d 2/2 mice further shows the participation of this specific isoform to termination of b-AR responses in ARVMs, which is consistent with the reported role of PDE4D in potentiating b-AR-stimulated contraction rate in neonatal cardiomyocytes from Pde4d 2/2 34 and the reported roles of PDE4D variants in b-AR signalling and ECC in heart. 4, 35, 36 PDE3 and PDE4 represent the major PDE activities in cardiac nuclei and are primarily localized at the nuclear envelope. 25 Here, we show that, following short b-AR stimulation, PDE4 predominates to control nuclear PKA activation. Results in cardiomyocytes from Pde4d 2/2 mice further indicate that the lack of PDE4D enhanced nuclear PKA responses to b-AR stimulation, which is consistent with the presence this isoform at the nuclear membrane. 16, 17, 25 Because at the nuclear envelope, PDE4D is integrated in a macromolecular complex including mAKAP and is involved in the regulation of cardiomyocyte hypertrophy, 17, 37 our results suggest that dysregulation of nuclear PKA activity following the loss of PDE4D may participate in the late onset dilated cardiomyopathy observed in Control of nuclear PKA activity in cardiomyocytes Pde4d 2/2 mice. 35 In HEK293 cells, PDE4 inhibition dramatically accelerated the nuclear PKA response to a maintained application of forskolin, implying that PDE4 inhibition uncovered a nuclear pool of PKA in these cells. 13 Although the pulse stimulation used here did not allow unambiguous determination of the onset kinetics, our data do not support a similar acceleration of nuclear PKA activation by PDE4 inhibition in ARVMs ( Figure 5) . Rather, a different arrangement of components may exist in cardiac myocytes, with PDE4 being located at the nuclear envelope, 16, 25 where it controls the extent of C subunits released upon b-AR stimulation and transferred into the nucleus from an extranuclear pool of PKA holoenzyme. Our study shows that Ser/Thr PPs PP1 and PP2A contribute differently to AKAR3 dephosphorylation between the cytoplasm and the nucleus. The balanced contribution of PP1 and PP2A in the cytoplasm is consistent with these two PPs playing a major role in controlling the phosphorylation status of ECC proteins and in counteracting the b-AR/cAMP/PKA-mediated functional effects in cardiac myocytes. 5 In contrast, PP2B inhibition had no effect, suggesting a minor participation of calcineurin in AKAR3 dephosphorylation in the bulk cytoplasm and the nuclei when PP1 and PP2A are active. A more important participation of PP2B might occur in pathological contexts, such as cardiac pressure-overload hypertrophy, where PP2B is activated. 38 In agreement with this hypothesis, it was reported that PP2B blunts b-AR phosphorylation of PLB in spontaneously hypertensive rats. 39 Moreover, whereas PP2B is not detected in the nuclei of normal heart, it is clearly localized in this compartment in the diseased myocardium. 40 While our work was in revision, Yang et al. 41 published an independent report in neonatal cardiomyocytes where they found similar kinetics differences in cytoplasmic and nuclear PKA activation, which supports activation of the PKA holoenzyme in the cytoplasm and translocation of the C subunits to the nucleus in neonatal myocytes. Yang et al., however, did not investigate the role of PDE families in b-AR response as done here. Their modelling approach predicts a determinant role of PP activity on the amplitude of nuclear PKA response, which is consistent with what we found here. PP1 has been shown to have crucial functions in the nucleus of other cell types. 42 Our data suggest that a nuclear PP1 efficiently suppresses PKA activation in the nucleus, and this could provide new opportunities to selectively manipulate nuclear b-AR signalling independently of ECC regulation. As stated above, it has been proposed recently that PKA favours nuclear accumulation of HDAC5, thereby inhibiting cardiomyocyte hypertrophy. 9, 11 Thus, nuclear PP1 inhibition may enhance this cardioprotective effect of b-AR stimulation without increasing the phosphorylation of PLB and RyR2 as observed upon global PP1 inhibition, which-although beneficial on the short term-is associated with an increased risk of ventricular arrhythmia and the development of a progressive cardiomyopathy with aging. 43 In summary, our results demonstrate for the first time that b-ARstimulated PKA activity is differentially regulated in the cytoplasm and the nuclei of adult rat ventricular myocytes, and delineate the respective role of PDE3 and PDE4 and of PPs in this process. Our results unveil PP1 as a critical negative regulator of nuclear PKA in response to b-AR stimulation, and this should have important functional consequences for the control of nuclear PKA targets such as the CREB family of transcription factors and Class II HDACs, which are involved in pathological cardiac remodelling and in the adverse effects of chronic b-AR stimulation.
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